[1] We have synthesized phase D at 24 GPa and at temperatures of 1250-1100°C in a multianvil press under conditions of high silica activity. The compressibility of this high-silica-activity phase D (Mg 1.0 Si 1.7 H 3.0 O 6 ) has been measured up to 55.8 GPa at ambient temperature by powder X-ray diffraction. The volume (V) decreases smoothly with increasing pressure up to 40 GPa, consistent with the results reported in earlier studies. However, a kink is observed in the trend of V versus pressure above ∼40 GPa, reflecting a change in the compression behavior. The data to 30 GPa fit well to a third-order Birch-Murnaghan equation of state (EoS), yielding V o = 85.1 ± 0.2 Å 3 ; K o = 167.9 ± 8.6 GPa; and K′ o = 4.3 ± 0.5, similar to results for Fe-Al-free phase D reported by Frost and Fei (1999) . However, these parameters are larger than those reported for Fe-Al-bearing phase D and for Fe-Al-free phase D. The abnormal volume change in this study may be attributed to the reported hydrogen bond symmetrization in phase D. Fitting a third-order Birch-Murnaghan EoS to the data below 30 GPa yields a bulk modulus K o = 173 (2) GPa for the hydrogen-off-centered (HOC) phase and K o = 212 (15) GPa for the data above 40 GPa for the hydrogen-centered (HC) phase, assuming K′ o is 4. The calculated bulk modulus K o of the HC phase is 18% larger than the bulk modulus K o of the HOC phase.
Introduction
[2] Several recent studies suggest that water is being transported and stored in the mantle, and its presence has significant effects on the phase transformation kinetics in Earth's interior, and affects the mantle dynamics [Kubo et al., 1998; Williams and Hemley, 2001 ; Jacobsen and van der Lee, 2006; Keppler and Smyth, 2006] . In order to understand the high-pressure stability of hydrous minerals, simple chemical systems such as MgO-SiO 2 -H 2 O have been studied [Ringwood and Major, 1967; Liu, 1986 Liu, , 1987 Kanzaki, 1991] , and several so-called "dense hydrous magnesium silicate" (DHMS) phases have been identified. It is now recognized that these phases may be possible important components of a hydrated mantle and could take part in the recycling of hydrogen into the deep mantle Fei, 1998, 1999; Shieh et al., 1998 Shieh et al., , 2000 Ohtani et al., 2001; Litasov et al., 2008; Shinmei et al., 2008] .
[3] Phase D (MgSi 2 O 4 (OH) 2 ) is the highest-pressure DHMS phase yet identified, being stable into the lower mantle at pressures of 17 to 50 GPa and at temperatures up to 1400°C [Frost and Fei, 1998 ]. It could be the dominant water host in the slab at lower-mantle conditions and may be stable to depths of around 1200 km [Shieh et al., 1998 ]. Angel et al. [2001] have discussed the reduced stability of phase D and indicated that reduced water contents or the solubility of FeO and Al 2 O 3 in phase D may be responsible for this reduced thermal stability. Because H solubility in the MgSiO 3 -perovskite phase appears to be limited [BolfanCasanova et al., 2000] , phase D might control the fate of H in subducted slabs penetrating the 660 km discontinuity. If phase D were not stable at geotherm temperatures in the lower mantle, H could be decoupled from whole-mantle convection and returned to the transition zone via a melt phase along with other incompatible elements. Therefore understanding the pressure behavior of phase D is crucial to constraining H cycling in the deep Earth.
[4] The ideal formula of phase D is MgSi 2 H 2 O 6. The structure is trigonal (P-31m) with both Mg and Si in octahedral coordination. OH bonds are located between adjacent octahedra in the MgO 6 layer. The proton position is only 33% occupied in the ideal composition which means that considerable positional disorder and variation in Mg/Si ratio as well as Al substitution are possible. The stoichiometry is observed to vary in the Mg/Si ratio from 0.2 to 0.71 and in OH content from 2.0 to 3.4 per formula unit [Frost and Fei, 1999; Boffa-Ballaran et al., 2010] . Various authors have studied the phase stability and compressibility of phase D. Using a third-order Birch-Murnaghan equation of state, Frost and Fei [1999] have calculated the isothermal bulk modulus (K o ) of phase D as 166 (±3) GPa with K′ o = 4.1 (±0.3) on the basis of static compression results to 30 GPa, and have shown that the compression of phase D is anisotropic, with the c axis being twice as compressible as the a axis at lower pressures, but above 20 GPa, the c/a ratio becomes pressure independent. Mainprice et al. [2007] have calculated the pressure dependencies of the cell parameters using ab initio methods up to 85 GPa, and obtained good agreement with the experimental data of Frost and Fei [1999] up to their highest pressures. However, their theoretical results of c/a ratio clearly deviate from the experimental data which show a minimal pressure dependency of this ratio above 20 GPa. A possible hydrogen-bond symmetrization in phase D has been predicted at 40 GPa by a first-principles study [Tsuchiya et al., 2005] . This pressure-induced hydrogen bond symmetrization, which is inferred to be a second-order transition, has a significant effect on the calculated compressibility of phase D. This structural change (transition in proton arrangement) is predicted to cause an increase in the bulk modulus by about 20% for phase D. For comparison, infrared spectroscopic studies to 41 GPa on phase D have been interpreted as not supporting the occurrence of hydrogen symmetrization in this phase [Shieh et al., 2009] . Indeed, both NMR and infrared measurements suggest the presence of hydrogen disorder and perhaps multiple structural environments for hydrogen within this phase [Xue et al., 2008; Shieh et al., 2009] . Thus, there is a need for carrying out further equation of state studies of the phase D to higher pressure to examine the stability of this phase, and examine whether any possible shifts in the equation of state of this material occur at high pressure. In this study, we report new compression data up to 60 GPa on silicon-rich phase D under more hydrostatic conditions than previous studies. The experiment was aimed at determining the volume and bulk modulus changes associated with the hydrogen bond symmetrization.
Experiment
[5] We have synthesized phase D at 24 GPa and temperatures of 1100 to 1400°C in the Kawai-type 1200 ton multianvil press under several conditions of silica and alumina activity. High-silica-activity sample (SH0802) used in this study was synthesized with initial heating at 1250°C for 15 min followed by 1100°C for 105 min and then a rapid quench. The starting materials were mixed from MgO (periclase), SiO 2 (quartz), and Mg(OH) 2 (brucite) powders for an Si/Mg mole ratio of about 2.0 and a H 2 O content of about 3 weight percent. The starting materials were welded into a 1.2 mm diameter platinum capsule. The experimental assembly was a 10 mm edge length sintered MgO octahedron compressed using tungsten carbide anvils with 4 mm corner truncations.
[6] The run product was examined by electron microprobe (JEOL JXA-8500F) at the University of Hawaii. An acceleration voltage of 15 kV, 3 nA probe current and 3 micron beam diameter were used for the analyses of the standards and unknowns. San Carlos olivine standard USNM 111312/ 444 was used for calibration of Fe-Ka, Si Ka, and Mg Ka and Kakanui augite standard USNM 122142 was used for Ca-Ka and Al-Ka. On-and off-peak counting times were 20s for all elements. Oxygen content was calculated by cation stoichiometry and included in the matrix correction. Hydrogen content was calculated assuming an ideal H:O of 1:2. The quality of the analyses was evaluated by analysis totals, which yielded values very close to 100%. Using H:O of 0.4 and 0.6 yielded totals that were consistently too low (96%) and too high (104%), respectively, thus allowing for little flexibility in the inferred hydrogen content. While accuracy of this approach remains untested, we consider it to be more robust than, and roughly consistent with, a simplistic H 2 O by difference. This analysis yielded a crystal composition of Mg 1.0 Si 1.7 H 3.0 O 6 for our high-silica-activity samples, and showed phase D coexisting with MgSiO 3 -perovskite, stishovite, and superhydrous phase B in platinum capsule as shown in Figure 1 . Average major element compositions of magnesian phases are given in Table 1 . This result implies possible cation vacancies at the Si octahedron which has not yet been tested by X-ray singlecrystal diffraction. Phase D samples were identified by Raman spectroscopy and separated from the capsule for study at high pressure.
[7] High pressure synchrotron powder X-ray diffraction studies in angle-dispersive mode on this silica-rich phase D were carried out up to 55.8 GPa at GeoSoilEnviro CARS beam line (13-BM-D) at Advanced Photon Source (APS) using a monochromatic X-ray beam with an energy of 37.05 keV (l = 0.3344 Å). A rhenium gasket was preindented to a 38 mm thickness using a 4 pin piston cylinder type diamond anvil cell (DAC) of culet size 320 mm anvils, and a hole of 165 mm diameter was drilled in the center. Fine powdered samples of grain size 1-3 mm were loaded in the predrilled hole together with two tiny ruby pieces acting as a pressure calibrant. Neon gas was loaded into the sample chamber using the gas loading system at APS as the pressure transmitting medium [Rivers et al., 2008] . The loaded initial pressure was 1.7 GPa. After gas loading the gasket hole was reduced to 120 mm diameter. Pressures were determined from ruby fluorescence spectra and from X-ray diffraction of neon used as pressure transmitting media; while both sets of pressures are reported (Table 2) , the neon calibration is used for our analysis [Fei et al., 2007] . The two ruby pieces gave near identical pressures (0.2 GPa∼0.5 GPa differences) throughout the whole pressure range we measured, indicating the pressure in the DAC is hydrostatic. Uncertainty in the pressure is determined by the uncertainty in the unit cell volume of neon.
[8] Diffraction data were collected during compression of the sample at room temperature. The average time for measurement at each pressure was 10 minutes. Fit2D [Hammersley et al., 1996] was used to reduce the data to 2theta versus intensity profile. The diffraction patterns were indexed using the GSE_shell program, and analyzed by Origin Pro 7.5. The unit cell parameters of phase D and neon were estimated from the lattice spacings at each pressure using the program Unit Cell [Holland and Redfern, 1997] . We have used the peaks (0 0 1), (1 0 0), (2 -1 1), (2 0 1) and (2 -1 2) for phase D, and (1 1 1), (2 0 0) and (2 2 0) peaks for neon in the diffraction patterns.
Results and Discussion
[9] The representative diffraction pattern of phase D at selected pressure is shown in Figure 2 . Diffraction peaks from stishovite and neon are also observed in the patterns. However, some peaks do not fit either phase. On the basis of the electron microprobe image, we calculated patterns of superhydrous phase B, and of MgSiO 3 perovskite, but none of the calculated XRD peaks matched any of the unknown peaks. This may indicate some as yet unidentified phases exist in our sample. The unit cell parameters of phase D at different pressures are given in Table 2 . The volume of phase D shows a smooth decrease with increasing pressure up to 40 GPa, and our results are very consistent with those reported for Fe-Al-free phase D by Frost and Fei [1999] and Shinmei et al. [2008] , as well as for Fe-Al-bearing phase D by Litasov et al. [2007] . However, a kink is observed at 40 GPa, indicating a possible change in the compressibility mechanism of phase D (see Figures 3 and 4) .
[10] The program EOSFT5.2 [Angel, 2001] was used to fit equation of state parameters to the observed compression data. The isothermal bulk modulus and its derivative were estimated using the third-order Birch-Murnaghan equation of state.
where K o is the bulk modulus at ambient pressure, K′ o is its first pressure derivatives, and V o is the reference volume. Using the neon pressure scale by Fei et al. [2007] , the data up to 30 GPa fitted to a third-order Birch-Murnaghan equation of state yield V o = 85.1 ± 0.2 Å 3 ; K o = 167.9 ± 8.6 GPa and K′ o = 4.3 ± 0.5, which are similar values to those previously obtained for Fe-Al-free phase D (V o = 85.66 ± 0.01 Å 3 ; K o = 166 ± 3 GPa and K′ o = 4.1 ± 0.3; see Frost and Fei [1999] ). This K o is larger than that for Fe-Albearing phase D reported by Litasov et al. [2007] and the Figure 1 . Distribution of Si (blue) and Mg (red) concentration based on X-ray analysis in a high-silica-activity sample (SH0802) in the platinum capsule. Scale bar is 50 microns. D, phase D; pv, MgSiO 3 perovskite; sB, superhydrous phase B; stish, stishovite. Figure 3 . The refined parameters of the equations of state for these different inversions, along with prior results, are summarized in Table 3 .
[11] As can be seen from Table 3 , the reduced bulk modulus for Fe-Al-bearing phase D is not necessarily explained by the effect of Fe and Al on the bulk modulus as suggested by Litasov et al. [2007] , as the Fe-and Al-free silica-rich phase D of Shinmei et al. [2008] also shows a comparably low bulk modulus. The composition of the silicarich phase D in our study is very similar to the phase D samples of Shinmei et al. [2008] . Thus, it appears that the differences in bulk modulus in the suite of studies on phase D (Table 3) show no systematic dependence on its density or water content (in the experimental range of 2.93-3.6 hydrogen per formula unit).
[12] The experimental methods utilized to derive the different parameters in Table 3 Litasov et al. [2007] each utilized thermally annealed samples (at temperatures up to 1300 K prior to the collection of each ambient temperature datum in the former case, and at 1073 K at the maximum pressure prior to making ambient temperature measurements on decompression in the latter case) pressurized within large-volume presses. For comparison, Frost and Fei [1999] compressed their sample to 30 GPa in the diamond cell with a neon pressure medium: an experimental configuration that is essentially identical to that which we utilize to approximately twice their pressure. Shieh et al. [2000] conducted experiments that synthesized phase D from laser-heated serpentines, and recorded their volumes on decompression. The volumes (and elastic parameters) derived from our data agree well with those of Frost and Fei [1999] , but are in not particularly good accord with the large-volume press results ( Table 3 ). The origin of the discrepancy between the bulk moduli derived from the large-volume results and the diamond cell results using neon as a pressure medium is unclear. It is possible that thermal annealing may play a role in the differences between the studies, but we note that the results of Shinmei et al. [2008] lie at somewhat smaller volumes than all others in the 20-30 GPa pressure range, whereas those of Litasov et al. [2007] are at higher volumes than the diamond cell results at pressures below ∼5 GPa (Figure 4 ). Given these detailed differences in sample volume among studies using similar methods, there does not appear to be a single, comprehensive explanation for why the largevolume press results differ from the diamond cell results. [13] Figure 5 shows pressure evolution of the a and c unit cell parameters of phase D under compression. These are in quite close agreement with the previous compression studies of this phase. Figure 6 shows variations of the c/a ratio versus pressure. As with previous studies, we observe clearly anisotropic compression behavior at pressures below ∼15 GPa. The c axis has a larger compressibility than a axis, however the compressibilities of the a and c axes become comparable at 15-40 GPa, and may weakly increase at pressures above 48 GPa. We have used the third-order Birch-Murnaghan equation of state in which the volume is replaced by a 3 and c 3 to quantify the differences in axial compressibility [Meade and Jeanloz, 1990; Xia et al., 1998; Litasov et al., 2007] . The best fit gives K a = 201.9 ± 4.9 and K′ = 4.5 ± 0.3 for a axis, and K c = 107.5 ± 4.1 and K′ = 5.4 ± 0.4 for the c axis. That is, at zero pressure, the c axis is almost twice as compressible as the a axis. The anisotropic compression of phase D is related to its structure. The compression of phase D along the a axis arises from strong SiO 6 octahedra within layers, while the compression along the c axis depends only on compression of the most compressible structural units, the MgO 6 octahedra and OH bonds between layers. The a and c lattice parameters become comparably compressible above 25 GPa for Fe-Albearing phase D [Litasov et al., 2007] and above 20 GPa for pure Mg-phase D [Frost and Fei, 1999] . Shinmei et al. [2008] reported that the c/a ratio becomes insensitive to pressure above 30 GPa, and at higher pressure it starts to increase. Recently, Litasov et al. [2008] reported that the c/a ratio becomes insensitive to pressure at ∼14-15 GPa. Clearly, the pressure at which the c/a ratio becomes insensitive to pressure markedly varies between different studies.
[14] Such anisotropic compression is, of course, common among layered materials at low pressures. For example, brucite displays highly pronounced anisotropic compression with the c axis five times as compressible as the a axis [Fei and Mao, 1993] . The c/a ratio of brucite becomes pressure independent at around 25 GPa. Such a c/a ratio flattening related to proton arrangement at high pressure is also observed in a brucite-structured layered hydroxide by neutron powder diffraction studies [Parise et al., 1999] . Theoretical studies have predicted possible hydrogen bond symmetrization in d-AlOOH [Tsuchiya et al., 2002; Panero Figure 6 . The c/a ratio verses pressure for phase D. The curve is the best least squares fit to the data. The green dashed lines are the boundary of low-pressure flattening of the c/a ratio. The blue dotted lines are the boundary of high-pressure flattening of the c/a ratio. The plotted error bars were calculated by error propagation assuming noncorrelated errors and that they are insignificant compared to the spread of the data. Tsuchiya et al., 2005; Tsuchiya and Tsuchiya, 2008] and/or proton ordering [Mookherjee and Stixrude, 2006] . The c/a ratio flattening at lower pressure (<30 GPa) in phase D may be related to a possible transition of H position arrangement (ordering) in the structure, since none of the studies listed in Table 3 have observed a volume change below 30 GPa. Also, we cannot neglect the possible influence of deviatoric stress on axial compression during experiments as suggested by Litasov et al. [2008] . Recent studies by Shinmei et al. [2008] show anomalous axial compression and volume compression behavior of phase D at 38-40 GPa, which they correlate with the symmetrization of hydrogen bonds at these pressures. Indeed, this pressure range is consistent with the pressure of the symmetrization of hydrogen bonds in phase D obtained by theoretical calculations [Tsuchiya et al., 2005] .
[15] For comparison, Shieh et al. [2009] reported infrared spectra of phase D to 41 GPa and reported pressure-induced shifts of four hydroxyl stretching bands that were continuous throughout their pressure range, with two having positive and two having negative pressure shifts. They thus concluded that no signature of hydrogen-bond symmetrization was indicated by their results. Indeed, the transition from a double-welled (asymmetric) hydrogen potential to a single-welled (symmetric) potential is known to produce complex spectroscopic phenomena [e.g., Matsushita and Matsubara, 1982; Pruzan, 1994; Larsen and Williams, 1998 ]. However, it is critical to note that the theoretically calculated height of the double well in phase D at ambient pressure is ∼0.24 eV, or ∼1940 cm −1 [Tsuchiya et al., 2005] : a height which lies below the ambient pressure frequencies of the observed hydroxyl stretching vibrations of phase D (2461, 2850, 3160 and 3426 cm −1 ; see Shieh et al. [2009] ). This calculated height would be reduced further when zeropoint energies are taken into account. Hence, if Tsuchiya et al.'s [2005] calculated barrier heights are close to correct, both the infrared and Raman hydroxyl-stretching vibrations of phase D will sample the properties of a singlewelled potential, as they lie at an energy that exceeds the barrier height in this material at all pressures. Hence, phase D may provide an example of a novel situation in which infrared and Raman spectroscopy provide no simple constraint on the pressure of symmetrization of the hydrogen ions within this material. If this physical picture is correct, then we would also anticipate that temperature will play a profound role in the behavior of the hydrogen atoms at pressures below that at which full symmetrization of the potential well occurs, with both tunneling effects and overthe-barrier thermal excitations being important for the average location of hydrogen ions in the structure. If such behavior is present, it will likely require neutron-mediated experiments to resolve: such experiments are substantially beyond the scope of the present study.
[16] Therefore, the anomalous compression behavior of phase D at 40 GPa in the present study may well be related with the symmetrization of hydrogen bonds (Figure 6 ), as predicted by theory [Tsuchiya et al., 2005] . This transition from a hydrogen-off-centered structure (HOC) to a hydrogencentered structure (HC) is predicted to be accompanied by an increase in the K o by ∼20% for phase D [Tsuchiya et al., 2005] or by ∼18% . Such a shift in bulk modulus is clearly in accord with the secondorder nature of the theoretical transition. A least squares fit using a third-order Birch-Murnaghan equation of state produces a bulk modulus K o = 173 (2) GPa for HOC phase and K o = 212 (15) GPa for HC phase when the pressure derivative K′ o is fixed at 4 (Figure 7 ). The bulk modulus K o of HC phase (212 GPa) is 18% larger than the bulk modulus K o of HOC phase (173 GPa) and is consistent with the estimated increase by Tsuchiya and Tsuchiya [2008] .
Conclusions
[17] 1. We have synthesized phase D (SH0802) at 24 GPa and temperatures of 1200 to 1400°C under high silica activity. Electron microprobe analysis yielded a crystal composition of Mg 1.0 Si 1.7 H 3.0 O 6 for our high-silica-activity samples, and showed phase D coexisting with MgSiO 3 -perovskite, stishovite, and superhydrous phase B.
[18] 2. The compressibility of this high-silica-activity phase D has been measured up to 55.8 GPa at ambient temperature by powder XRD in a diamond anvil cell, using Ne gas as pressure medium. Uncertainty is within the symbol sign. The curves show the least squares fit of the Birch-Murnaghan equation of state (EoS) as mentioned in the text. The blue curve is the fit to the data (below 30 GPa) of the hydrogen-off-centered structure phase. The red curve is the fit to the data (above 40 GPa) of the hydrogen-centered structure (HC) phase. In both cases, K′ o is fixed at 4.
K o = 150 ± 9.2 GPa and K′ o = 5.5± 0.4. These two different fits show that the compression of phase D at lower pressures (below 30 GPa) is different than at higher pressure (above 40 GPa).
[19] 3. The analysis of axial compressibility yields K a = 201.9 ± 4.9 and K′ = 4.5 ± 0.3 for a axis, and K c = 107.5 ± 4.1 and K′ = 5.4 ± 0.4 for the c axis. The c axis is thus almost two times more compressible than the a axis.
[20] 4. The compressibilities of the a and c axes become comparable at 15-40 GPa, and may start to diverge again above 48 GPa. The lower-pressure (at 15 GPa) flattening of the c/a ratio may be correlated with a transition of the H position arrangement in the structure. However, as with other studies, the influence of deviatoric stress in the sample cannot be fully excluded from playing a role in the higher pressure behavior of this material.
[21] 5. The change in the compression behavior and the flattening of the c/a ratio at 40 GPa may be correlated with the symmetrization of hydrogen bonds: this possible second-order transition is compatible with the theoretical description of the hydrogen symmetrization transition in this phase. It is possible that this transition may be most readily detected through elastic measurements: owing to their frequency, infrared and Raman spectroscopy of hydroxyl stretching vibrations may sample a symmetric potential well. A least squares fit using a third-order Birch-Murnaghan equation of state produces a bulk modulus K o = 173 (2) GPa for HOC phase and K o = 212 (15) GPa for HC phase when the pressure derivative K′ o is fixed at 4. The bulk modulus K o of HC phase (212 GPa) is 18% larger than the bulk modulus K o of HOC phase (173 GPa).
